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SUMMARY

All commercial reactor designs in the U.S. undergo an extensive safety assessment conducted by both
the reactor developer and the U.S. Nuclear Regulatory Commission (NRC). As the independent agency
responsible for commercial nuclear reactor licensing, the NRC conducts selected confirmatory research,
but primarily focuses on evaluating information submitted to the agency in a license application.

The U.S. Department of Energy (DOE) is a major government agency that assists in research and
development (R&D) of new reactor technology. A wide variety of tests, studies and investigations may be
sponsored by DOE which address key safety system performance parameters and support validation of
methods and tools needed by both reactor developers and NRC staff to perform a safety review.

The data and information resulting from DOE-sponsored research is often a key part of the technical
development effort needed to successfully license a nuclear plant. Consequently, test plans and
conclusions that support a technology safety case and demonstrate regulatory compliance should consider
those requirements while protocols are planned and performed. Properly informed planning helps ensure
technology research activities adequately address later licensing needs.

The Advanced Reactor Technologies (ART) Regulatory Technology Development Plan (RTDP) links
major research activities in advanced non-light water reactor technologies, as sponsored by the DOE
Office of Nuclear Energy’s (DOE-NE) ART program, to key regulatory requirements and licensing
challenges likely to affect deployments in the domestic commercial energy market. In response to ART
research priorities, the RTDP currently focuses on two technology types likely to undergo NRC safety
review within in the next 20 years, i.e., the modular high-temperature gas cooled reactor (HTGR) and the
sodium-cooled fast reactor (SFR).

Establishing linkage between reactor research and licensing is complex and requires interaction and
coordination with the design community, NRC staff, and researchers working to bring conceptual system
designs to maturity. The RTDP was created to aid that linkage and further NRC’s Advanced Reactor
Policy Statement of 2008 (restated in NRC’s 2012 Report to Congress on Advanced Reactor Licensing).
This statement encourages reactor research in new safety and security features, or proposals for
simplified, inherent, and passive means to accomplish a safety or security function. That information is
then to be presented to NRC staff to help assure adequate confirmatory testing, provide for collection of
sufficient data to validate computer codes, and show system interaction effects are acceptable.

Section 3 of this document identifies major ART R&D activities concerning modular HTGR and SFR
technologies. Insights on the potential regulatory implications associated with these activities are
provided in a series of tables. Activities are then analyzed and prioritized with respect to the role they are
expected to play in addressing prescribed regulatory criteria and/or developing a safety case. Anticipated
lead-times associated with research performance are also considered and activities thought to have very
long lead-times or which display major sequential dependencies are noted.

Section 4 contains eight recommendations for ART program consideration. These recommendations,
established using information and insights collected from a variety of ART research plans, the ART
program leadership in each technical R&D area, and prelicensing precedents with NRC staff, bring
attention to topics of current licensing priority. The recommendations consist of:

Recommendation 1: Evaluate, qualify, and control the configuration of historic SFR operations and
test data. Two important demonstration plants were decommissioned over two decades ago and
recovery of plant information is currently underway. Systematic efforts should be initiated to
determine what informational gaps may still exist relative to the current technology safety case, the
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quality rigor that can be associated with these historic data, and a configuration management system
established to ensure data integrity is not compromised going forward.

Recommendation 2: Planning to address SFR fuel knowledge gaps identified in Recommendation 1 is
identified as a licensing priority and should be coordinated with the SFR design community. Fuel
tests involving irradiations are often long-lead, yet essential, activities in reactor development.
Testing in a fast neutron environment will be challenging because no suitable irradiation capability
exists within the U.S. and foreign capabilities are limited.

Recommendation 3: Complete activities described in the Very High Temperature Reactor (VHTR)
Advanced Gas Reactor (AGR) Test Plan (PLN-3636) and the Graphite Technology Development
Plan (PLN-2497). These plans focus on developing the fuels and nuclear graphite-related information
profiles necessary to license a prismatic-block core modular HTGR plant.

Recommendation 4: Complete development of VHTR-compatible safety analysis methods and codes
that is already underway. No safety analysis computer codes suited to modern gas-cooled reactor
applications have yet been endorsed by NRC for regulatory use. Efforts are now underway within
ART to help address this shortcoming and should continue to the planned conclusion.

Recommendation 5: Develop a plan whereby liquid metal fast reactor-compatible safety analysis
methods and codes are systematically developed and presented to NRC staff for review. There are no
NRC-endorsed safety analysis computer codes currently available that are optimized to the unique
elements of SFR technology. Research codes do exist that could be updated and submitted for
regulatory acceptance. Efforts required to address this issue are not well understood, however.

Recommendation 6: Test facilities have been established at Oregon State University (i.e., the High
Temperature Test Facility, HTTF) and at Argonne National Laboratory (i.e., the Natural Convection
Shutdown Heat Removal Test Facility, NSTF) to address HTGR core heat removal. Continuing these
(already planned and underway) test programs will produce information essential to support the
regulatory safety evaluation process.

Recommendation 7: Form an advanced reactor Industry Advisory Group (IAG) with representatives
of the non-light water reactor (non-LWR) design community. Membership would be voluntary and
based on interest in ART research. The IAG would be convened by ART project leadership as
necessary to provide non-proprietary technical exchange and licensing guidance to ART personnel.

Recommendation 8: Establish a set of fundamental instrumentation and control (I&C) system
requirements for advance reactor designs. Creating these requirements will provide guidance to
researcher when establishing equipment design/fabrication specifications and testing requirements.

Section 5 identifies additional topics that are expected to emerge as important licensing priorities at a
future time. Resolving these issues may require the support of ART research.

It is noted that the RTDP is not a “roadmap” in advanced reactor licensing nor does it replace a
design-specific licensing plan. Instead, it seeks to evaluate ART research opportunities and communicate
the significance of that research in addressing important safety and regulatory issues. It also assists
research planners by drawing greater attention to the needs of applicants and NRC safety reviewers.

The applicant is responsible to write a licensing plan tailored to the design details of the specific
technology and commercial offering being developed. The RTDP is a tool that coordinates and guides the
regulatory and R&D interface for ART. Thus, the RTDP will be expanded and modified as necessary to
meet the needs of ART research and promote the technology development objectives shared by
applicants, NRC staff, DOE-NE, and other affected stakeholders.
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Advanced Reactor Technology - Regulatory
Technology Development Plan (RTDP)

1. INTRODUCTION

The U.S. Department of Energy’s (DOE) Advanced Reactor Regulatory Technology Development
Plan (RTDP) links advanced non-light water nuclear reactor technology development activities sponsored
by the DOE Office of Nuclear Energy (DOE-NE) Advanced Reactor Technologies (ART) Program to key
regulatory requirements and licensing issues likely to affect new reactor deployments in the domestic
commercial energy market. The licensing-oriented discussions and recommendations documented in the
plan are not constrained to any particular category, class or type of advanced non-light water reactor (non-
LWR) technology, but rather are open to address an array of issues as dictated by contemporary ART
research and development (R&D) opportunities. However, because ART research is currently focused
upon two specific types of non-LWR reactor concepts, the RTDP is scoped to reflect a similar emphasis.

Within the U.S., nuclear reactors are licensed after successfully completing an independent safety
assessment conducted by the U.S. Nuclear Regulatory Commission (NRC). This assessment must result
in findings that the information contained in the plants’ license application is comprehensive,
representative, and characterizes systems and operations that adequately protect public safety. As a
regulatory agency, the NRC does not conduct developmental research on new reactor designs, but rather
it focuses on evaluating the information and safety conclusions submitted by an applicant to secure a
construction permit (CP), operating license (OL), early site permits (ESP), limited work authorization
(LWA), design certification (DC), and/or combined license (COL).

Information required to complete a reactor license application is often generated from sources other
than the applicant. As a government agency tasked with performing R&D to assist new reactor
technology deployment, DOE-NE sponsors a wide range of studies and technical investigations that
provide essential information to the reactor design community. This information may be foundational in
understanding system performance, nuclear safety, and component reliability. Accordingly, many of the
R&D activities sponsored by DOE-NE should consider NRC policies and regulatory requirements as
those activities are initially planned and performed.

The NRC has developed a large body of regulations on the basis of experience gained through large
commercial LWR facilities. However, many aspects of those regulations cannot be easily translated to
non-LWR applications. To facilitate licensing plants that significantly differ from the large LWR fleet,
NRC intends to work on regulatory framework topics as they are identified by prospective applicants and
presented to NRC staff. The staff and external stakeholders have already identified significant policy and
technical issues associated with small LWR and non-LWR licensing evaluations; these issues, along with
their status, can be found in numerous NRC and stakeholder position papers posted on the NRC website.
Additionally, the NRC’s Office of Research (RES) supports an extensive program that addresses critical
areas of anticipatory and confirmatory research in support of the NRC license application review process.

Support of reactor licensing must also consider adoption of applicable quality assurance (QA)
requirements that have been endorsed by the NRC. These requirements are applicable to reactor
technology research (especially concerning issues important to nuclear safety) as well as the high level
design phases of the project. These QA requirements should be implemented within affected research
plans using quality assurance and administrative control requirements that meet Title 10 of the Code of
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Federal Regulations (10 CFR), Part 50, Appendix B, “Quality Assurance Criteria for Nuclear Power
Plants and Fuel Reprocessing Plants” where necessary. Currently, the NRC also allows use of standards
described in NQA-1-2008:1a-2009 “Quality Assurance Requirements for Nuclear Facility Applications”
as endorsed through Regulatory Guide (RG) 1.28, Revision 4, “Quality Assurance Program Criteria
(Design and Construction)”. Establishing and implementing applicable QA requirements in experimental
protocols and system test plans that generate data to be used in safety design decisions is an enabler to
success in nuclear plant licensing and commercial deployment.

1.1 Purpose

The RTDP helps identify regulatory issues that may be associated with individual ART R&D
activities and directs appropriate planning attention to these issues. The licensing-significant research
sponsored by DOE-NE and conducted at national laboratories, universities, and other stakeholder research
organizations in support of advanced reactor deployment must meet the same standards of accuracy and
quality as other information that is submitted to the NRC by an applicant. Consequently, the regulatory
safety criteria that will be leveraged against DOE-sponsored study results must consider and address
applicable requirements. However, not all reactor development research carries significant licensing
implications.

Figure 1 illustrates how the RTDP can assist in targeting the overlapping interests between ART
R&D activities and the NRC regulatory framework.

Advanced
Reactor
Licensing
Framework

Figure 1. Advanced reactor R&D linkage to licensing framework.
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Early and ongoing interactions among reactor designers, NRC staff, and ART researchers may be
necessary to clearly establish the influence a particular regulatory criterion may exert on specific research.
Consideration of licensing needs during R&D planning has been recognized by NRC as an important
aspect in all new reactor technology development programs. As discussed in the 2008 NRC “Advanced
Reactor Policy Statement” (73 FR 60615) and restated in NRC’s 2012 Report to Congress on Advanced
Reactor Licensing', advanced reactor research should be planned to include testing of new safety or
security features that differ from existing designs for operating reactors and/or that use simplified,
inherent, and/or passive means to accomplish their safety or security function. Testing should be
conducted in ways that demonstrate new features perform as predicted, provide for collection of sufficient
data to validate computer analysis codes, and show system interaction effects are acceptable.

The NRC policy statement encourages design innovations that enhance safety, reliability, and
security. However, any technology that utilizes innovations that are not yet proven safe, reliable, and
secure must demonstrate that function through a straightforward technology development program. The
statement also notes that in the absence of significant operational experience, plans to innovatively deploy
a demonstration-level reactor and/or establish new technology development programs should be presented
to the NRC for review as early as possible so that NRC staff can assess how the proposed program should
be implemented to satisfy associated regulatory requirements.

It is expected that a great deal of design-specific information essential to the conduct of a
comprehensive regulatory evaluation will be unavailable during early phases of new reactor technology
development. Often, preliminary presumptions about the design safety case must be made to plan tests
that support topics like fuel qualification (FQ), mechanistic source terms (MST) development and the
qualification of new materials in new systems and applications. Accordingly, the RTDP identifies,
assesses, and prioritizes key ART research opportunities with respect to their associated regulatory impact
and does so with the goal of assuring DOE technology R&D activities remain coordinated with the
technological approaches and licensing strategies used by prospective applicants. It also makes
recommendations on research priorities that specifically consider the needs of the NRC independent
safety review process.

1.2 Application

Both the NRC and DOE-NE anticipate that significant long-term R&D will be necessary to support
non-LWR safety analysis processes. To be more effective in terms of cost and schedule gains, this
research should be initially planned and then performed in ways that not only generate information that
defends safety decisions for a specific reactor type but also addresses the similar concerns of multiple
advanced reactor technologies wherever possible.

An NRC decision to certify a new reactor design and issue a license to build and operate a nuclear
plant is guided by scientific and engineering findings that indicate the facility poses acceptable levels of
risk to public health and safety, and does not threaten common security. The assessments performed to
justify these findings are based on extensive technical evaluations and consequence predictions
concerning design safety features, the methods of proposed operation, approaches in accident prevention
and consequence mitigation, and barriers that limit radioactive material release to the environment under
postulated licensing basis event (LBE) conditions. The offsite radiological doses calculated as a result of
bounding release events are a major focus of these safety evaluations.

The criteria currently available for use in evaluating a plant design and the operational data and
analysis methods relating to the safety assessment process have been acquired and verified over the last
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50 years with a focus on LWRs. The result is a regulatory framework that explicitly incorporates
longstanding LWR-centric presumptions concerning reactor safety and analysis technique. Partly as a
consequence of these practices, the domestic and international research community has followed a similar
pattern in developing and verifying test methodologies, analysis tools, and experimental protocols that are
heavily biased towards LWR performance. However, LWR-oriented requirements and analysis tools may
not be easily translated to advanced reactor designs or are incompatible with new safety approaches. This
difference has been demonstrated in association with the Next Generation Nuclear Plant (NGNP).

Numerous non-LWR concepts are now being proposed with some designs built upon extensive
previous efforts in reactor technology development. Some may even benefit from years of prototypical
plant operations experience. However, the research base for some “over-the-horizon reactor concepts
now being considered for licensing in 20 or more years is much more limited (or essentially nonexistent).
Therefore, it is problematic to try and globally address relational safety approaches and analysis tools
necessary to support every non-LWR safety review action that may occur in the future.

In response to this uncertainty, the RTDP is currently focused on two types of advanced reactor
technology likely to undergo an NRC licensing action within in the next 20 years; the modular high-
temperature gas reactor (HTGR) and sodium-cooled fast reactor (SFR). A variety of ART research
activities on these concepts are actively underway at this time. This research is intended to be consistent
with the objectives expressed by NRC in the 2012 “Report to Congress: Advanced Reactor Licensing”.
Additional types of advanced reactor design may be added to the RTDP in response to expansions in the
direction of ART research.
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2. SCOPE OF TECHNOLOGY-ENABLING RESEARCH

This RTDP identifies areas of regulatory concern relative to technology-enabling R&D (as sponsored
by the DOE-NE under the ART program) that will eventually lead to commercial deployment of
advanced reactors within the U.S. An analysis scheme has been devised whereby licensing perspectives
can be overlain upon individual ART research activity descriptions so that applicable regulatory
framework elements can be assessed and prioritized during R&D planning and performance. The RTDP
informs research planners by offering a licensing perspective on each activity and proposing key
recommendations based upon the NRC safety review process, the state of topical knowledge, and the
expected sequence of research activities that might combine to adversely impact a critical path in
licensing success.

As R&D activities important to plant safety are planned and performed, it may become necessary to
establish a prelicensing dialog between various research stakeholders. These interactions may focus on
soliciting ideas and inputs from technology developers, reactor design vendors, NRC staff, and other
entities concerning requirements, determining whether proposed approaches are realistic in addressing a
particular issue, and communicating test outcomes and conclusions.

Eventually, a licensing plan will be developed for each reactor design. This plan solidifies the design-
specific strategies used in addressing regulatory criteria and couples them to specific plant design features
and safety goals. The licensing plan must also ensure that appropriate safety analysis methods and
computational tools are available that can demonstrate attainment of goals and criteria. However, until a
licensing plan is established to guide this interface, the insights necessary to inform advanced reactor
technology researchers (and possibly NRC staff) of pertinent licensing issues can be addressed by the
ART RTDP.

2.1 Key Research Areas

Many kinds of R&D will be necessary to establish the safety basis of a new reactor design. Analytical
safety tools can become a significant licensing obstacle if not considered and addressed during early R&D
planning. If appropriate codes are unavailable or if their validity cannot be confirmed to a degree that
supports conservative conclusions about plant safety, a license may not be granted. At a minimum,
analytical tools must always be able to verify the adequacy of specific design features that ensure
adequate heat removal from the core, maintain reactivity control, and provide for radionuclide retention.

A regulatory safety analysis encompasses the areas of accident analysis and reactor and plant
analysis. Reactor and plant analysis measures reactor and plant performance under normal operating
conditions, whereas accident analysis verifies reactor and plant performance under design-basis
conditions. Both areas of analysis rely on thermal-hydraulic (or in the case of non-water technologies,
thermal-fluid) and neutronic (reactor physics) aspects of a technology. Major topics include:

e Accident progression modeling

e Primary system and containment performance
¢ Fission product behavior modeling

e Core heat removal

e Thermal-fluid dynamics

e Nuclear analysis
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Fission product transport
Initiating event frequency.

As already mentioned, every licensed reactor is required to have appropriate methodologies,

analytical tools, and high-quality support data available to use when addressing plausible questions about
safety challenge. These challenges are also generally organized according to the three basic functions of:

L.

Adequate core heat removal

Challenges to heat removal involve timely and sufficient cooling of fuel elements, the core, the
reactor vessel, and design elements used for radionuclide retention. These elements are presumed
critical to preventing fission product barrier failures. Assuring fission product barrier integrity is a
critical safety priority. Back-up systems may be necessary to provide adequate defense in depth to
ensure that required safety functions are performed during anticipated conditions.

Reactivity control

Challenges to reactivity control involve maintaining the reactor in a stable condition. A design may
employ passive physics (e.g., negative temperature coefficient) to back up active control elements to
handle a challenge. It must be demonstrated that reactivity control features will perform as intended
in all circumstances where the function is essential to maintain safety.

Control of radionuclide release

Challenges to retention of radionuclides involve maintaining fuel integrity, core structures, and other
barriers relied upon to limit releases of radioactivity to the environment.

It should be noted that any reactor technology that uses a highly innovative fuel (e.g., reactor fuels

containing thorium) and/or new methods to assure reactor core cooling (e.g., molten salt as a heat transfer
fluid) in combination with other new active or passive safety features must still address the basic elements
of the existing safety analysis process (i.e., thermal-fluids behavior, neutronics, fission product behavior).

A diagram of some major research areas in relation to the plant safety review process and licensing is

provided in Figure 2.
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Figure 2. R&D elements that contribute to the plant safety and licensing review.

Realistic yet conservative radionuclide release analyses of all factors affecting dose calculations are
essential to a positive safety review outcome. This analysis must be based on objective test information
concerning fuel behavior during normal and off-normal conditions. Fission product release and transport
characteristics must be understood for bounding design conditions and meet applicable radiological

release limits for those conditions.
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The following subsections further discuss the role technology R&D contributes in addressing
advanced reactor licensing issues.

2.1.1 Fuel Qualification

The design, manufacture, and use of nuclear fuel are foundational to plant safety. Extensive fuel test
knowledge and characterization data is required to meet established regulatory criteria. Because the
infrastructure required to collect key fuels-related data is often highly specialized and relatively scarce,
DOE is a leading resource in fuels-related research. A FQ program that includes long-term irradiation
tests will generally be necessary to fully evaluate new and modified fuels. These factors, along with the
long lead-times needed to support certain types of in-core fuel tests, typically causes fuels research to be a
significant licensing concern.

A robust experimental database is necessary to understand fuel system responses to a range of design
and burnup conditions. Simulating fuel performance and fission product transport (FPT), retention, and
releases under accident conditions also relate to this topic. The licensing analysis of ART research
regarding fuel qualification is provided in Table 1. Licensing recommendations specific to FQ are
provided in Subsection 4.1.

2.1.2 Mechanistic Source Terms

A source term refers to the release of radionuclides from the fuel to the plant and beyond to the
environment. With respect to advanced reactors, stakeholders (including the NRC) recognize that a
“mechanistic source terms” approach should be employed. The MST focuses on realistically modeling the
release and transport of radionuclides from the source to the environment for specific scenarios while
accounting for retention and/or transmutation phenomena and uncertainties associated with the process.
Determining an MST for radionuclide transport that involves complex phenomena requires extensive test-
based knowledge and a well-developed modeling capability for all involved processes of significance.
While development of a detailed and technically sound MST will be design-specific and is ultimately the
responsibility of applicants, the approaches, tools and methods used to perform safety assessments of
MST-related process may be useful over a range of differing design concepts.

Radionuclide releases must be defined at the source (i.e., the fuel) and quantified with respect to
transport behaviors and attenuation factors as paths are established to the environment. Concentrations of
radionuclides retained behind radiological release barriers (as a function of time) are crucial in defining
an acceptable MST. Release and transport of key fission products during LBEs may need to be addressed
at least in part through fuel testing. The goal underlying all such tests is to obtain a quantitative
understanding of the relevant phenomenology and enable consequence predictions concerning released
fission products.

R&D efforts related to MST development are closely related to and highly reliant upon activities that
qualify reactor fuel. This is largely because reactor fuel types and performance data provide a starting
point in the MST analysis. The licensing analysis conducted relative to ART research gaps in MST
development is provided in Table 1 (in conjunction with FQ information). Recommendations that affect
MST research are discussed in Subsections 4.1.

2.1.3 Analytical Codes and Methods

As already noted, developing, refining, verifying and validating (V&V) analytical methods is
essential to the safety analysis process. Analytical techniques must be available to support the model and
enable prediction of important phenomena. Often these phenomena are initially identified through expert
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elicitations. Once the candidate parameter is identified, V&V plans can be developed that produce data
concerning the parameter.

The licensing analysis related to ART research in analytical codes and methods is provided in
Table 2. Recommendations that focus on this research topic are provided in Subsection 4.2.

2.1.4 Core Heat Removal

Advanced reactor research must address a variety of issues regarding core heat removal. This topic is
closely related to core design and can touch on any structure, system, and component (SSC) that is relied
upon to provide a heat removal function during anticipated operational occurrences (AOO), design basis
accidents (DBA), and beyond design basis events (BDBE). How those elements relate to safety must then
be precisely understood and merged into an overall plant safety basis. New research information that
supports a heat removal analysis becomes more important as advanced reactor technologies pursue more
passive methods of heat removal.

The licensing analysis related to ART research activity regarding core heat removal and associated
core design issues is provided in Table 3. Recommendations that affect this topical area are provided in
Subsection 4.3.

2.1.5 Materials Analysis

A sound technical basis is required to enable evaluation and confirmation of the integrity and modes
of failure in safety SSCs that use new materials or materials in new applications. Time-dependent failure
criteria for these materials must be developed to ensure safety is maintained and demonstrate adequate
operational life. Development of common standards concerning material adequacy and applicability R&D
may come from trade organizations such as the American Society of Mechanical Engineers (ASME)
Boiler and Pressure Vessel (BPV) Code for advanced reactors. Codes developed by such organizations
are recognized by NRC as a means to confirm structural materials design is technically sound and
appropriate.

For non-LWR technologies, particularly technologies geared towards elevated temperature
applications or which employ a novel cooling medium such as liquid metals or fluorine eutectic salts, a
materials performance database may not exist to support a safety analysis. Time-dependent failure criteria
for a material in high-temperature or corrosive environments may need to be established to ensure
adequate performance during the operational life of the component.

Confirmatory analytical tools and predictive performance models are also a key part of material
science. Likely areas of study include initial material behavior before and after fabrication, effects of
irradiation on material properties, aging in a radiation environment, and the corrosion behavior of
structural materials under various plant conditions. A scarcity of operating experience for most advanced
reactor types, coupled with the potential for high-temperature and/or corrosive operational conditions,
makes this topic a consistent concern during licensing.

The licensing analysis related to current or planned ART research regarding materials is provided in
Table 4. Recommendations related to ART research that may affect this topic are provided in Section 4.
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2.1.6 Instrumentation and Control

Advanced reactor developers need to ensure that the instrumentation and control (I&C) systems
deployed in the future can adequately measure, diagnose, and respond to safety and operating parameters
relative to conditions deemed important to safety. Such configurations may entail new I&C requirements,
new sensor types, updated data integration techniques, and first-of-a-kind displays. Some 1&C system
sensors will operate in environmental conditions significantly different and possibly far harsher than
experienced in the current LWR fleet. Temperature, pressure, flow, and neutron instrumentation may
need to operate in higher temperatures or corrosive environments. Combinations of high temperatures and
chemically reactive process environments (as might be found in liquid metal fast reactors) can create
significant challenges to instrument design. Severe environments may also affect instrument reliability
and accuracy.

A licensing analysis related to ART research activity regarding [&C systems is provided in Table 5. A
recommendation in this area is provided in Subsection 4.4. Implementation of Recommendation § in the
near-term is expected to assist in:

e Development of capabilities for in-core monitoring and surveillance diagnostics of key parameters
(power, flow, etc.) in advanced reactor environments to reduce the inherent uncertainties and
resulting licensing challenges that result from the use of ex-core detectors or other less-accurate
methods

e Development and refinement of methods for monitoring the performance of passive cooling systems,
which are the key heat removal safety systems for most advanced reactor technologies

e Establishment of techniques and methods for inspecting and verifying the integrity of reactor
internals.

21.7 Safeguards and Security

The NRC encourages designers of new reactors to integrate security into the design and conduct a
thorough assessment to evaluate the actual levels of protection provided by those measures. Research may
be necessary to assess the effectiveness of newly proposed security measures. Likewise, R&D may be
needed to establish material control and accountability (MC&A) safeguards provisions that accompany
new reactor technology and develop the technical basis that address current NRC criteria.

No licensing analysis has yet been performed related to ART research concerning advanced reactor
safeguards and security. However, Table 6 has been reserved for future use. No licensing
recommendations have been developed on this topic.

21.8 Accident Sequences and Initiators

Considering the range of scenarios and phenomenology that might be associated with a safety
evaluation of a new design concept, extensive R&D may be necessary to ensure the analytical codes and
models, along with the data used to support postulated scenarios and characterize operational phenomena,
are available. This topic is closely related to the scope described under Subsection 2.1.3, “Analytical
Codes and Methods™.

No licensing analysis has been performed related to ART research concerning advanced reactor
accident sequences and initiators. Research plans on this topic will require detailed interactions with
design vendors to better understand how issues are to be addressed under their proposed design approach.
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Table 7 is reserved for future use. A recommendation relating to establishing a venue for vendor
interaction is presented in Subsection 4 .4.

2.1.9 Probabilistic Risk Assessment

As noted by NRC,' reactor designs are to be risk-informed, thereby making the probabilistic risk
assessment (PRA) process an important component in the overall reactor design process. Limitations
associated with advanced reactor PRA experiences are anticipated with the application of system
modeling approaches and associated underlying hypotheses (e.g., treatment of passive systems), to the
risk metrics that are used (e.g., core damage frequency or large early release may not be the best figure of
merit for some proposed reactor designs), to failure data, and perhaps most importantly, to the design,
materials, systems, and safety approach. Both advanced reactor license applicants and NRC staff will
need to determine the technical adequacy of the PRA and know if it 1s sufficient to justify the specific
results and risk insights used in support of a license application.

The licensing analysis of current ART research regarding PRA activities is provided in Table 8.
Future R&D on this topic is expected to benefit from a recommendation made in Subsection 4.4 that
enables interaction with prospective applicants to provide better understanding how issues are to be
defined and addressed under their licensing approaches.

2.1.10 Structural Analysis

Structural analysis tools for large LWR designs are mature and standardized, and benefit from an
extensive applications database. It is unclear whether these tools can be widely used in non-LWR reactors
without modification. However, confirmatory structural analysis of non-LWR technologies may indeed
be possible to some degree with existing tools.

It is understood that additional research will likely be required regarding the qualification of seismic
isolators. Some designs (such as the modular HTGR) are expected to use deep embedments many feet
below grade which envelopes the reactor core and associated heat exchange systems. New seismic
analysis tools may be necessary to support not only assessments of seismic impacts to below-grade safety
SSCs but also to aid in developing the seismic isolation systems necessary to assure safety during a
seismic event. Analysis tools for deeply embedded structures have not been used in a U.S. reactor
licensing action. Advancements in structural analysis through ART-sponsored R&D could potentially
crosscut multiple advanced reactor technologies and benefit a large portion of the regulated community.

No licensing analysis on the topic of structural analysis has yet been performed in relation to ART
research priorities. Table 9 is reserved for future use. A research activity concerning seismic analysis of
embedded structures has been analyzed in Table 2, Item 2.b., and is noted as a future licensing concern in
Subsection 5.7.

2.1.11 Human Factors

Advanced reactors will present new operational and maintenance challenges that are different from
current practices. The type and extent of these variations may affect areas such as the control room, use of
computer-based technology as part of a digital 1&C program, and call for modifications in alarms,
controls, and displays associated with SSCs important to safety. Research considerations include
definition of the functional requirements of the plant and how those functions are allocated on the basis of
human-related factors.
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No RTDP analysis on human factors has been performed in relation to ART research. Table 10 is
reserved for future use on the human factors topic. No licensing-related recommendations have been
developed.

2.2 Quality Assurance

Advanced reactor applicants will be required to submit applications for a CP or an OL submitted in
accordance with 10 CFR Part 50 or an ESP, a DC, or COL submitted in accordance with 10 CFR Part 52.
These submissions must meet QA program requirements recognized by the NRC.

To support licensing, activities performed during technology development research and high-level
design phases of the project should be conducted in accordance with applicable QA requirements already
endorsed by NRC. These QA requirements must describe methods and establish applicable quality and
administrative control requirements that meet 10 CFR, Part 50, Appendix B, “Quality Assurance Criteria
for Nuclear Power Plants and Fuel Reprocessing Plants.” This assures that activities supporting the
regulatory safety review process provide adequate confidence that safety-related SSCs will perform their
required safety function when required. These requirements may also be applied to certain equipment
tests and research activities that affect non-safety-related SSCs yet support safe plant operations.

The QA program should be based upon American National Standards Institute (ANSI) N45.2,
“Quality Assurance Program Requirements for Nuclear Power Plants,” and its” daughter standards. The
guidelines provided in ASME Standards NQA-1, “Quality Assurance Program for Nuclear Facility
Application” (with applicable addenda), as endorsed by RG 1.28, “Quality Assurance Program Criteria
(Design and Construction)”, provide fundamental QA requirements for satisfying the 10 CFR, Part 50,
Appendix B. Additionally, the following documents describe methods that the NRC staff considers
acceptable for complying with the provisions of 10 CFR Part 50, Appendix B:

e RG 1.8, “Qualification and Training of Personnel for Nuclear Power Plants”
e RG 1.33, “Quality Assurance Program Requirements (Operation)”.

The general scope of QA in advance reactor deployment begins with technology development and
high-level design activities and continues through final design, construction, and operation of the facility.
Since future applicants will utilize R&D test data (and associated safety conclusions) when writing a
license application, it is important to establish a sound QA program early during technology development
and high-level design phases of the project; this includes research that may be done by ART. A quality
assurance program description (QAPD) document is often warranted for ART development activities
relating to advanced reactor safety. A QAPD (based on 10 CFR, Part 50, Appendix B) will provide and
establish applicable QA requirements that meet the needs of NRC licensing.

Experiences gained during the NGNP project demonstrate the importance of establishing applicable
QA requirements during technology development. For NGNP, a QAPD® was developed to address QA
requirements established by 10 CFR, Part 50, Appendix B for executing work activities that generated
technically-defensible scientific and engineering information to be used in future modular HTGR
licensing applications. The NGNP QAPD was based NRC NQA-1-2008;1a-2009, “Quality Assurance
Requirements for Nuclear Facility Applications”, as provided under RG 1.28. It should be noted that
while the NGNP QAPD did address all 18 QA criteria established in 10 CFR, Part 50, Appendix B, not
all were determined to be applicable by NRC staff during the technology development and high-level
design phase of the NGNP project. In the case of NGNP, the QAPD will be reviewed and updated (or
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used as a reference) by future applicant(s) to establish QA requirements to facilitate later NGNP license
application development.

As a point of current reader reference, the following QA requirements were deemed applicable to
NGNP R&D and established in the QAPD during the technology development and high-level design
phases of the project:

e Organization — Establishing the QA organization commensurate with the duties and responsibilities.

e Quality Assurance Program — Establishing the necessary measures to implement a QAP in order to
ensure that the activities are in accordance with governing regulations and license requirements. The
QAP applies to those quality-related activities that involve the functions of safety-related SSCs
associated with the design, fabrication, construction, and testing, as well as managerial and
administrative controls to be used to assure compliance with applicable regulatory requirements.
Examples of safety-related activities include, but are not limited to, basic, applied, and developmental
research, determination of SSC safety class, engineering related to safety-related SSCs, geotechnical
investigations, engineering analysis, seismic analysis, meteorological analysis, and document control.

e Design Control — Establishing the necessary measures to control the design, design verification, and
analysis activities of safety-related items and services. The design process includes provisions to
control design inputs, outputs, changes, interfaces, records, and organizational interfaces.

e Procurement Document Control — Establishing the necessary administrative controls administrative
controls to ensure that applicable regulatory, technical and QA requirements are included or
referenced in procurement documents.

e Instructions, Procedures. and Drawings — Establishing the necessary measures and governing
procedures to ensure that activities affecting quality are prescribed by, and performed in accordance
with, documented instructions, procedures, or drawings of a type appropriate to the circumstances and
which, where applicable, include quantitative or qualitative acceptance criteria.

e Document Control — Establishing the necessary measures and governing procedures to control the
preparation, review, approval, issuance of, and changes to documents that specify quality
requirements or prescribed how activities affecting quality, including organizational interfaces, are
controlled.

e Control of Purchased Material, Equipment, and Services — Establishing the necessary measures and
governing procedures to control the procurement of items and services to ensure conformance with
specified requirements.

e Inspection — Establishing the necessary measures and governing procedure to implement inspections
that assure items, services and governing procedures to implement inspections that assure items,
services, and activities affecting safety meet established requirements and conform to applicable
documented specifications, instructions, procedures, and design documents.

e Test Control — Establishing the necessary measures and governing procedures to demonstrate that
items subject to the provisions of the QA will perform satisfactory in service. This includes applicable
procedures that include (1) instructions and prerequisites to perform the tests, (2) the use of proper
test equipment, (3) acceptance criteria, and (4) mandatory verification points as necessary to confirm
satisfactory test completion.

Form 412.09 (Rev. 10)
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Control of Measuring and Test Equipment — Establishing the necessary measures and governing
procedures to control the calibration, maintenance, and use of measuring and test (M& TE) which
provides data to verify that acceptance criteria are met.

Nonconforming Materials, Parts, or Components — Establishing the necessary measures and
governing procedures to control items, including services that do not conform to specified
requirements, in order to prevent inadvertent use. Controls provide for identification, documentation,
evaluation, segregation, disposition of nonconforming items, and notification to affected
organizations.

Corrective Action — Establishing the necessary measures and governing procedures to promptly
identify, control, document, classify, and correct conditions adverse to quality.

Quality Assurance Records — Establishing the necessary measures to ensure that sufficient records of
items and activities affecting quality are developed, reviewed, approved, issued, and revised to reflect
completed work.

Audits — Establishing the necessary measures and governing procedures to implement audits to verify
that activities covered by the QA program are performed in conformance with the established
requirements.

These 14 reviewed elements of the NGNP QAPD were approved by NRC staff for later use in

licensing.* The following QA requirements were deemed not applicable by NRC staff during the
technology development and high-level design activities associated with NGNP and were therefore not
endorsed:

Identification and Control of Materials. Parts. and Components

Control of Special Processes

Handling, Storage. and Shipping

Inspection, Test, and Operating Status

The NRC staff also communicated their expectation to NGNP that either (1) a supplemented QAPD

would be submitted should the scope of the NGNP be expanded to include design and/or construction
activities in accordance with becoming an applicant under 10 CFR Part 52; or (2) any future applicant or
licensee planning to design and/or construct a NGNP-type reactor based on NGNP research and
development efforts would submit an independent QAPD covering the appropriate scope of activities in
accordance with quality assurance regulations and guidance in place at that time.

The controls and quality program attributes discussed above should be considered and implemented

as appropriate and applicable when performing the reactor technology development activities that are
described in the remainder of this document.
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3. ART REGULATORY TECHNOLOGY DEVELOPMENT PLAN

As a consequence of current ART priorities, RTDP analysis has thus far focused on research
associated with two general types of advanced reactor technologies, i.e., the modular HTGR and the
liquid-metal cooled SFR. A variety of DOE research planning documents related to these reactor concepts
were reviewed to support this analysis,>&7-8%10-1112.13.14.15.16.17.18.19.20

Additional information was collected through discussions with ART topical research area leads and
subject matter experts to confirm research activity descriptions, status, and bring planning document
information up-to-date where indicated. The activity information was then binned according to topical
areas (discussed in Chapter 2) and entered into a tabular format for licensing impact evaluation. The
evaluation was performed by ART Licensing staff and based heavily upon prelicensing experiences
gained during the NGNP project. The analysis also sought to highlight long-term research activities
essential to advance reactor technology licensing. Results of the analyses are documented in the
tables presented later in this section.

The following subsections outline general ranking guidance and primary evaluation criteria used
during the licensing impact analysis.

3.1 Regulatory Importance

Once a research opportunity is described, a statement is developed addressing how results of that
activity (i.e., the data generated upon test completion) might support development of the technology
safety case and support regulatory decisions about safety. The “Regulatory Importance” of a research
activity focuses heavily on the role the activity is expected to play in supporting a positive outcome from
the NRC safety review. A general ranking of regulatory importance is assigned to the activity such that:

e High— Phenomena or topic is of first order (fundamental) importance to design safety and is a critical
component to the independent safety review process. Research information generated by the activity
is understood as essential to successfully meet safety review criteria.

e Medium — Phenomena or topic is of secondary (contributing) importance to design, safety case, and
the independent safety review process. Alternative regulatory options may be available to address the
issue. However, the issue is made more important due to other factors, such as addressing concerns
important to multiple advanced reactor technologies or considerations that significantly impact a
timeline for deployment. While research activities with this level of regulatory importance are
generally recognized as less imperative than items with “High” regulatory importance, completion of
the research activity is still considered essential.

e Low — Phenomena or topic is not currently considered of significance to the design safety case or
essential to support the independent safety review process.

These rankings are generally assigned based on consensus opinions of ART Licensing personnel.
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3.2 State of Knowledge

Establishing a licensing priority recommendation for DOE research must also consider the current
state of knowledge concerning the topic and the effect of “gaps™ on essential information. Technology
development research priorities should trend higher when inadequate knowledge exists to address and
resolve a known safety issue. Guidance used when ranking the “State of Knowledge” criteria for an
individual research activity consists of:

e High - A physics-based or correlation-based modeling capability is available that adequately
represents the phenomenon or issue over parameters of interest. A body of data that would likely
satisfy regulatory quality requirements exists to adequately validate and predict capabilities and/or
support further development to completion (which includes NRC review and acceptance).

e Medium - A candidate model or appropriate means of correlation has been identified and is available
to address most of the phenomenon or core issues over a considerable portion of the parameter
envelope. Supporting data are available but the database is not necessarily complete or is of
questionable quality, thereby allowing only a moderately reliable assessment of system capability.

e Low - No functional model exists or predictive capabilities are uncertain or speculative. No database
exists and safety assessments cannot be reliably made due to high uncertainty with existing data.

These rankings are generally assigned based on information gathered during review of various ART
research plans and the informed opinions communicated to ART Licensing staff by technical research
area leaders and subject matter experts working within ART.

3.3 Status of Research

To further frame the licensing priority of individual research activities, an understanding is required
concerning the state of knowledge development. Key informational gaps already identified and planned
for resolution (or where research efforts are well underway to close data gaps in the foreseeable future)
are to be noted. Additionally, once the status of a research activity supporting the safety case item is
characterized, a time-phased work sequence should then be considered to ascertain if any major
predecessor/successor relationships might exist between individual research activities and how those
sequences might broadly affect a licensing timeline. Research status becomes particularly significant for
activities with very long lead-times, that are sequentially dependent on the completion of other research,
or both (as might be experienced by completing in-core fuels tests and post-irradiation examination (PIE),
which in-turn generate data for subsequent use in MST analysis code development).

Research activity status is not discretely ranked but rather is focused on capturing information
pertinent to time-related and/or data-needs issues. Questions related to these issues typically include:

e [sessential research already planned, underway, and resourced? If so, licensing priority can be
reduced in recognition of a pending resolution to the issue.

e Do predecessor/successor relationships exist that affect research planning and performance? If so,
licensing priority can be increased due to the influence sequential test plan successes may exert on the
licensing critical path.

e Does the research address an essential concern in establishing or assessing the safety case? Do
additional options exist to address the need? Licensing priority can be reduced if completion of the
test plan is not considered essential to establishing the plant safety basis.
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e Are suitable testing capabilities and essential infrastructure support available to support the
investigation? If not, what are the precursors to launching the study? Licensing priority may be
increased if testing infrastructure is unavailable to support essential research.

e Isthere a long lead-time (i.e., >5 years) associated with the activity? Licensing priority can be
reduced if a test plan or research activity can be completed in a relatively short period of time.

Information on research status was collected primarily from ART research plans and updated
according to inputs provided by technical research area leaders and subject matter experts within ART.

3.4 Licensing Priority Evaluation

Using the ranking pattern described in Subsections 3.1 through 3.3, a foundation is developed for
performing activity-specific licensing priority evaluations. Interpretation of this information was done by
ART Licensing personnel and tempered by recent regulatory perspectives and experiences. The result is a
simple yet flexible preliminarily assessment scheme that projects expected licensing implications on
discrete units of ART research. By capturing summary statements on anticipated regulatory importance,
state of knowledge, and status of ART research activity, licensing evaluations and priorities can be
derived which address potential ART research regardless of whether active research on the topic is
already planned and/or underway.

A four-increment “licensing priority” structure was established to convey summary results of the
RTDP analysis. Guidance on increment ranking values consists of:

High — A priority that indicates research activity results are expected to address a major safety case
concern of great importance during licensing. Research activities with this priority rating generally
exhibit a high or medium level of regulatory importance, the state of current technical knowledge
would be low to medium with respect to information necessary to support safety case development
and NRC safety decisions, and a long lead time can be expected for validated result generation.

A “High” licensing priority designates the highest level of licensing concern relative to the
advanced reactor technology under review.

Medium — This priority denotes research that tends to have a high or medium level of regulatory
importance, the state of knowledge needed to support safety case development and the independent
safety review process ranges from low to medium, but completion of the research plan is expected not
to require a long lead time relative to safety case development. This rating may include lengthy
research activities that are very important to regulatory safety decisions but are already well-planned
and resourced. Research activities with this rating are acceptably scheduled according to currently
understood licensing timelines.

A “Medium” priority denotes R&D activities on topics that are significant to the plant safety case
and safety review process but are thought to present minimal risk to a licensing schedule.
Mitigating factors in this priority class include short lead times for test plan completion or a need
for additional design-specific information from designers to support proper test planning. A
“Medium” priority can also identify research activities that are on a “watch list” for becoming a
higher licensing concern in the future.

Low — This priority typically characterizes research activities with medium or low levels of
regulatory importance, the state of knowledge can range from low to high with respect to anticipated
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data needed to support the regulatory process, and the activity does not have a long lead time to
complete.

Research activities with a “Low” priority may be a necessary component in reactor technology
deployment but test results are expected to exert a low-level of influence in safety decisions.
“Low” priority research items are not expected to challenge the overall critical path for license
application development and the independent safety review process.

None - Denotes research plans and activities not otherwise designated as “High, Medium, or Low.”

An activity with a “None” priority is often not considered an immediate ART research concern
and is therefore outside the nominal scope of the RTDP.

While the aforementioned approach in establishing a licensing priority rank sets forth high-level
guidance when evaluating technology-enabling research, it should be noted that the approach is not a rigid
evaluative metric. Instead, the flexibility of the process allows for further priority adjustments in response
to additional factors that may not be otherwise discussed and accounted for in Subsections 3.1 thorough
3.3.

3.5 ART Research Activities

Tables 1 through 10 identify and assess ART research opportunities that are of significance to
advanced reactor technology development and commercial deployment. These tables communicate
specific issues, factors and concerns relative to ART research that are pertinent to establishing the plant
safety case and enabling an independent safety evaluation process. Information in each table is partitioned
according to reactor technology (i.e., HTGR or SFR). Note that some tables are reserved for future use
and will be completed as ART research activities potentially expand to address those topics.

Section 4 provides a summary of conclusions and recommendations derived from analysis of
information contained in Tables 1 through 10. Section 5 identifies additional areas of R&D opportunity
that might become a future licensing concern.
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4. LICENSING PRIORITIES AND RECOMMENDATIONS IN ART
RESEARCH

Successful technology development of modular HTGR and SFR technology is strongly linked with
the ART program research activities identified in Section 3 tables. Successful nuclear plant design
licensing, however, more heavily emphasizes attention to issues related to the questions of:

1. How does the fuel perform during normal and accident conditions, and what radionuclides are
potentially released?

2. How do radionuclides released from the fuel make their way into the environment?

3. How is heat removed from the fuel to keep it inside an acceptable performance and radionuclide
release envelope?

A review of individual research activities listed in Section 3 tables and the licensing priorities
assigned them has produced eight recommendations for near-term consideration within the ART program.
Implementing these recommendations and continuing to maintain a focus on long-term licensing success
will enhance overall prospects of future success in commercial advanced reactor deployment.

The following recommendations are not presented in a suggested rank-order of priority.
4.1 Fuel Performance

RECOMMENDATION 1: Implement the following actions regarding recovered historic
sodium fast reactor information:

1A. Continue recovery of legacy FFTF and EBR-Il data

1B. Establish a data configuration control process for recovered information that can
be used to support a safety case

1C. Perform a technical assessment of recovered legacy data to identify gaps in the
performance envelope; start this analysis with metallic fuels-related information

1D. Develop a systematic approach to evaluate and qualify legacy research
information for use in establishing a SFR safety case; verify that key legacy data
can satisfy applicable regulatory quality assurance standards

Experimental SFRs have been constructed and operated in the U.S. Perhaps the most relevant sources
of plant heritage information comes from experiences at EBR-II (located at the INL and operated from
1964-1994 using metallic core fuel), and the FFTF (located at the Hanford Site in Washington and
operated from 1980-1993 using mixed-oxide core fuel). Both facilities were built by DOE and its
predecessor, the Atomic Energy Commission (AEC), to demonstrate the viability of a sodium-metal
cooled fast reactor. However, the 62.5MW(t) EBR-II design appears to share the greatest similarity with
SFR concepts now being proposed for commercial deployment.” Neither of these reactors underwent a
formal NRC safety review that will be required of a new commercial power plant.

Efforts are underway to recover and preserve EBR-II and FFTF legacy data under DOE-NE’s ART
fast reactor R&D program. To date, these efforts generally emphasized preserving information from data
acquisition systems and hardcopy reports and entering it into modern electronic formats suitable for data
later retrieval and examination.'
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Recommendation 1A — Continue recovery of legacy FFTF and EBR-II data

Concurrent with recovery efforts, ensure documentation that describes test protocols and validation
approaches used during tests are preserved and traceable back to affected data.

Recommendation 1B — Establish a data configuration control process for recovered information that can
be used to support the safety case

Data and information important to safety should be managed according to applicable regulatory
requirements as is placed in a new electronic format. Data integrity control is essential to the independent
safety review process as without it key support information may be rejected by NRC staff, possibly
resulting in a need for supplemental and confirmatory testing.

Recommendation 1C — Perform a technical assessment of recovered legacy data to identify gaps in the
performance envelope: start this analysis with metallic fuels-related information

Identifying and addressing key gaps in the fuel qualification effort is a critical licensing concern.
Accurately identifying these gaps will require interactions with the SFR vendor community to better
understand the emerging design safety case. Interaction with NRC staff is also likely so as to clarify
regulatory requirements and ensure available data will address regulatory criteria. Because the SFR metal
fuel variant is most likely (of available options) to undergo an initial NRC safety review, it is
recommended the assessment start with this fuel type and stress development of further understanding
concerning fuel performance under accident conditions.

Recommendation 1D — Develop a systematic approach to evaluate and qualify legacy research
information for use in establishing a SFR safety case: verify that key legacy data can satisfy applicable
regulatory quality assurance standards

Test data and operational information generated by past technology development projects can be
assumed to have been generated using good scientific principles and research practices in effect at that
time. Quality assurance measures used of those activities remain to be confirmed as adequate and
appropriate to the standards expected for data used in a contemporary independent safety review. Should
information important to the technology safety case be found deficient in a key quality attribute, efforts to
“upgrade” data might require confirmatory testing. Since these data must be accepted by NRC prior to use
in a safety review, interaction with both technology vendors and NRC will likely be required.

RECOMMENDATION 2: Initiate preliminary planning for additional SFR fuel tests to
address gaps identified under Recommendation 1C

At this time, the extent of supplemental SFR fuel test information that must still be acquired is not
well established. Experience with U-Pu-Zr in metal fast reactor fuel is known to be limited should that be
determined as relevant but binary (U-Zr) metal alloy fuel knowledge is much more extensive. Relatively
little may be known about fuel performance margins outside of the nominal operational envelope of the
data sets generated by EBR-II and FFTF.*' Since commercial reactor designs are required to demonstrate
fuel performance outside the boundaries of normal operation, additional testing may be necessary.

It is worth noting that fast neutron irradiation test facilities are not available domestically and are
limited at foreign locations. It is recommended that a research plan to develop and justify the fuel
qualification portion of the SFR safety case concerning the initial plant be further developed and
presented to NRC staff as early as possible for their review and feedback.
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RECOMMENDATION 3: Complete the Advanced Gas Reactor Test Plan as described in
PLN-3636 and the Graphite Technology Development Plan as
described in PLN-2497

The ART Very High-Temperature Reactor (VHTR) Technology Development Office (TDO) operates
the AGR fuel test program. This program was established to expand the modular HTGR fuel test
information base concerning: (1) fuel fabrication, (2) fuel and material irradiation, (3) fuel PIE and safety
testing, (4) fuel performance modeling, and, (5) fission product transport and source term. Further details
concerning scope can be found in PLN-3636, “Technical Program Plan for the Very High Temperature
Reactor Technology Development Office/Advanced Gas Reactor Fuel Development and Qualification

Program”.’

Data to be gathered at AGR test plan completion are essential to fuel performance predictions and
MST calculations. Indeed, the safety approaches developed for a prismatic-block HTGR core based on
expected AGR test results have already been reviewed by NRC staff and found reasonable.'®

Another closely related effort involves completion of the PLN-2497, “Graphite Technology
Development Plan”."* Graphite physically contains the modular HTGR fuel and comprises the majority of
the core volume, thereby substantially influencing safety and MST calculations. While the general
characteristics of nuclear grade graphite are understood, historic “nuclear” grades no longer exist; new
grades must be fabricated, characterized, and irradiated to demonstrate that current grades exhibit
acceptable non-irradiated and irradiated properties upon which the thermomechanical design of structural
HTGR graphite is based. Data generated by completing PLN-2497 (sometimes referred to as the
Advanced Graphite Creep [AGC] Program) are essential to completing a modular HTGR safety
assessment.

The essential nature of these test programs with respect to licensing success is discussed in Chapter 3.
However, please note that the “medium” licensing priority that may be assigned to certain AGR and AGC
tests acknowledge the state of advanced research performance and expected progress in the test programs.
Delaying or cancelling tests associated with the AGR and AGC programs would cause many of the
licensing-related elements that appear in Chapter 3 tables to be re-prioritized as a high level of concern.

4.2 Radionuclide Transport Methods

RECOMMENDATION 4: Complete systematic development of modular high
temperature gas-cooled reactor-compatible safety analysis
methods and codes

Historic HTGR safety analysis codes relied on approximations and assumptions about physics
behavior of fuels, materials, and coolants. These factors are largely unchanged since the 1980°s. While
advancements in neutronics, conjugate heat transfer, and system codes have dramatically improved LWR
analysis capabilities, many of these improvement are invalid when applied to the HTGR.

A summary of current VHTR safety assessment tools, modeling capability gaps, and work underway
to address those gaps, is provided in “Next Generation Nuclear Plant Methods Technical Program Plan”."*
The safety analysis codes currently suited for gas-cooled reactor applications are “research” codes that
have not been endorsed by NRC for regulatory use. These codes were developed independent of the
methods qualification guidance contained in RG 1.203 and have undergone significant modification since
initial development began in 2000.”
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It is recommended that development efforts continue on modular HTGR-compatible design and
analysis codes for developmental and regulatory use. A V&V effort may be necessary to confirm them as
appropriate for use in regulatory safety calculations. The codes will also provide valuable input to fuel
and material testing and test reactor development programs.

RECOMMENDATION 5: Establish plan to systematically develop SFR-compatible safety
analysis methods and codes

A brief summary of current SFR safety assessment tools and modeling capability gaps is contained in
Chapter 6 of ANL’s “Regulatory Technology Development Plan, Sodium Fast Reactor — Mechanistic
Source Term Development™ report.” This documents states that the safety analysis codes suited for fast
liquid metal reactor applications are currently “research” codes that have not been reviewed or endorsed
by NRC for regulatory use. These codes were very likely developed independent of NRC’s methods
qualification guidance contained in Regulatory Guide 1.203 and may have undergone significant
modifications over ensuing years.

It is recommended that systematic planning be initiated to identify the efforts needed to upgrade
promising analysis codes for regulatory use. A dedicated research V&V effort may be necessary to
confirm them as appropriate for regulatory safety calculations.

4.3 Core Heat Removal

RECOMMENDATION 6: Continue support to the following modular HTGR-related
activities:
6A. Complete experimental tests (prismatic and pebble bed) planned for the High
Temperature Test Facility (HTTF)

6B. Complete experimental tests (air-cooled and water-cooled) planned for the Natural
Convection Shutdown Heat Removal Test Facility (NSTF)

The ART VHTR TDO currently supports the HTTF at OSU and the NSTF at ANL. The following
recommendations encourage continued utilization of these operational facilities.

Recommendation 6A - Complete experimental tests planned for HTTF (prismatic and pebble bed HTGR)

The HTTF facility was constructed at OSU to perform tests that simulate HTGR core behavior
undergoing depressurized conduction cool-down with subsequent air ingress. Facility components are
configured to replicate prismatic HTGR core conditions but can be altered to reproduce pebble bed core
conditions. Additional non-invasive instrumentation is being added to collect high resolution flow and
temperature data (under NQA-1 standards) for computational fluid dynamics code validation. This facility
represents a major HTGR technology research resource providing data critical to completing a safety
evaluation.

Original funding covered 10 initial experiments but approximately 25 are planned.” Completing the
planned prismatic experiments represent a cost-effective means of addressing important core safety
questions and maintains a capability to convert to the pebble bed configuration should that option become
necessary.

Recommendation 6B - Complete experimental tests planned for NSTF (air-cooled and water-cooled

RCCS)
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The NSTF was originally built at ANL to support simulation of the GE-PRISM (SFR) reactor vessel
auxiliary cooling system (RVACS). It was refurbished under NGNP to generate data under prototypical
HTGR vessel heat-up accident conditions. NQA-1 conformant data has been gathered for the first series
of (air-cooled RCCS) experiments in 2014 and continued into 2015. Plans are now being made to convert
the facility to support additional water-cooled RCCS experiments.

Information collected from these tests will yield significant insight into the performance of passive
vessel heat removal systems for both the HTGR and SFR concepts. It is recommended that these tests
continue to be supported to their planned conclusion.

4.4 Additional Recommendations

RECOMMENDATION 7: Form a standing advanced reactor Industry Advisory Group
(IAG) with the non-LWR design community

To aid in the challenge of coordinating ART R&D activities with still emergent licensing need, the
formation of an informal advanced reactor IAG is recommended. The purpose of the group is to
encourage early and frequent dialogue with design vendors concerning ART program development
activities. Communications would focus on licensing strategies, technology development challenges, and
the exchange of non-proprietary design insights. Industry participation in the ART IAG would be
voluntary with membership based on expressed member interest in ART research.

The IAG would complement existing processes and activities, such as the Technical Review Panel
(TRP), which relies on a group of experts to review submitted technical information and identify R&D
priorities for DOE. Another process focuses on development of Phenomena Identification and Ranking
Tables (PIRT) using expert panels (including NRC representatives) to assess safety-relevant phenomena
that are then used to define R&D need. While both approaches are effective at preliminarily identifying
R&D opportunities, they are generally “episodic” in nature and not conducive to the more frequent
interaction forum required for ongoing prelicensing interactions with NRC staff.

An example similar to the proposed IAG approach was the NGNP Licensing Working Group
(LWG)." This advisory body helped assure DOE-sponsored HTGR technology advancements were
systematically linked to the licensing strategies of applicants. Establishing the ART IAG would offer
benefits in licensing that include:

e Add greater assurance that the RTDP and ART research priorities are focused on cross-cutting topics
and technical challenges that have been identified and confirmed by industry to provide the greatest
benefit to future licensing efforts

e C(Create an environment where industry becomes more familiar with ongoing ART program activities
so that the results of ART research can be more systematically utilized in prelicensing interactions
with the NRC.
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RECOMMENDATION 8: Establish fundamental I&C systems requirements for advanced
reactor designs. These requirements will provide insights to
establishing future design, fabrication specifications, and
testing requirements of necessary 1&C equipment

The 1&C systems that meet demands of a new power reactor technology and energy market customers
must be proven as appropriate, reliable, and robust. From a design perspective, recent advancements in
digital 1&C may require dedicated testing and research to develop justifications for their use in
supervisory and control capabilities at nuclear reactors. Temperature, pressure, flow, and neutron
instrumentation may need to operate in higher temperature environments or under corrosive conditions.
New combinations of irradiative and corrosive process factors (as might be present in liquid metal fast
reactors) could create significant challenges in instrumentation design for which there is no available
NRC-endorsed guidance.

It is recommended that specific needs and requirements be established through ART Program and
IAG interactions in order to better integrate diverse challenges like these into the R&D goals for 1&C
development.
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5. OTHER CONSIDERATIONS IN ADVANCED REACTOR LICENSING

New reactor concepts are now being discussed that exist at widely different stages of development
and design. As a design advance towards maturity, new technology development issues can become
significant in the licensing environment. The following subsections identify some major topics that can be
expected to become important in future licensing activities for various advanced reactor technologies.

5.1 Regulatory Framework

Multiple approaches have historically been employed to adapt LWR licensing requirements to non-
LWR designs. These approaches generally relied upon variations of the LWR-based deterministic safety
review where plant operations and accident events are conservatively bounded by a relatively static
analysis methodology. The Fort St. Vrain plant (a HTGR located in Colorado) was licensed in the late
1960s and early 1970s using a traditional deterministic approach adapted from LWR requirements which
existed at that time.

The attributes of new licensing approaches can vary considerably and, in the case of a newer reactor
technology, may encounter considerable challenge with respect to available probabilistic system
information. The NGNP project approached this issue by progressively emphasizing the use of risk
insights and PRA techniques when adapting deterministic requirements to modular HTGR technology."
Using available HTGR design information and precedents set by historic HTGR licensing experience,
NGNP developed an approach that emphasized:

e Early identification and resolution (where possible, given outstanding uncertainties in design) of
significant policy, technical, and licensing issues relevant to development of a license application for
HTGR technology

e Identification and performance of necessary research that supported design advancement and
development of a license application

e Engagement of reactor designers, prospective applicants, industry, DOE, NRC, and other
stakeholders in pre-application interactions to reduce licensing uncertainties and ascertain the
reasonableness of proposed safety approaches

e Delivery of technology familiarization training to NRC staff

e Regulatory evaluation and acceptance concerning the integration of risk insights into the licensing
process that were coupled with deterministic engineering judgments to create a risk-informed,
performance-based regulatory framework.

The prelicensing goal of NGNP was to establish a regulatory framework amenable to the simplified,
inherent and passive safety features associated with a modular HTGR design. A licensing plan was
written to guide the interface between R&D required for new HTGR safety systems and concurrent
efforts to adapt the existing regulatory structure.”* A chronology of prelicensing interactions and result are
documented in the NRC Licensing Status Summary Report for NGNP."

Experience in NGNP prelicensing suggested that other advanced reactor designs will require similar
efforts to adapt the current regulatory framework and ensure appropriate technology-specific
risk-informed, performance-based insights can be employed. Formal licensing plans should guide the
interface between regulatory framework adaptation and the licensing strategies of applicants. Technology
R&D will likely be required to sustain this effort.
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The 2012 NRC “Report to Congress: Advanced Reactor Licensing,” noted a need for refined
regulatory guidance pertaining specifically to the advanced non-LWR design criteria contained in
Appendix A of 10 CFR 50. In response, DOE and NRC established a joint initiative to develop Advanced
Reactor Design Criteria (ARDC) as a “first step” in developing the framework to aid advanced reactor
designers and license applicants. The initial phase of the initiative has recently been completed.”* The
NRC staff is now reviewing proposed ARDCs in the second phase of this two-phase effort.

The NRC Standard Review Plan NUREG-0800 sets> forth principle requirements and criteria the
staff uses to evaluate nuclear plant safety for LWRs. This review guidance will require adaptation to
address non-LWR plant features. The remainder of this Section identifies specific issues that are currently
expected to emerge as potential research topics that support NUREG-0800 adaptation.

5.2 Core Disruptive Accidents

A SFR “core disruptive accident” (CDA) can be defined as a highly unlikely event so severe that the
reactor core or, more specifically the fuel geometry, is significantly modified over a substantial region of
the core. This event can occur if there is either a failure to remove heat from the fuel at a sufficient rate to
ensure fuel integrity or there is a local failure in a fuel assembly that propagates beyond that assembly to
adjacent regions of the core. Because a CDA can lead to potentially severe consequences and major
releases of radioisotopes into containment, extremely conservative safety criteria and associated safety
features are typically included in SFR technology development and design efforts. These efforts are
intended to make the likelihood of a postulated CDA event sufficiently low that it can be excluded from
the plant’s design basis.

It is noted that initial studies conducted in the 1970s and 1980s associated with the cancelled Clinch
River Breeder Reactor project led NRC staff to (preliminarily) conclude that CDAs need not be included
in the design basis for the Clinch River Breeder Reactor.*

Discussions with prospective SFR designers should be initiated to determine their current design
approach for addressing postulated CDA events. If it is confirmed that applicants will need assistance in
addressing CDAs in the standard SFR design, a risk-informed, performance-based research approach
should be established to demonstrate how plant safety goals can be confirmed.

5.3 Radionuclide Transport Effects from the Metallic Sodium Pool

A unique feature of the pool-type sodium fast reactor design involves the physical properties and
retention capabilities provided by fully enveloping the core in a dense pool of chemically reactive liquid
metal. Metallic sodium has a capability to significantly influence the transport, retention, and scrubbing of
radionuclides that might be released from fuel. However, a complete understanding of these phenomena
for radionuclides of interest to an MST analysis remains to be fully developed through experimentation.

A recent summary of the radionuclide transport processes associated with these phenomena, and the
known information gaps associated with radionuclide transport behavior in a sodium pool, can be found
in ANL-ART-3, “Regulatory Technology Development Plan, Sodium Fast Reactor — Mechanistic Source
Term Development”.” Information can also be found in SAND2012-4260, “Sodium Fast Reactor Safety
and Licensing Research Plan — Volume I””.> While extensive sodium metal-radionuclide effects research
can be conducted in an ex-core environment, attention must also be extended to the actual basis of in-core
radionuclide generation and related transport phenomena under all operational and design accident
conditions.
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The need for testing concerning the dynamic effects of metallic sodium on radionuclide transport is
indicated as a possible research priority but must be confirmed with prospective applicants. If testing is
initiated, this research should be scoped in conjunction with fuel test programs, research that supports
development of the overall SFR MST, and the safety approaches established by prospective applicants.

5.4 Sodium Technology and Sodium Fire Analysis

The operational history of previous SFR plants suggest that metallic sodium leaks will occur during
normal operations. Metallic sodium is highly reactive, potentially corrosive and, in the presence of
incompatible constituents like water, generates heat and reaction product hazards that must be evaluated
to address their impacts on the design and licensing basis.

In addition, questions also exist about the reliability of components that contact sodium like
electromagnetic pumps. Instrumentation will be needed to operate in opaque environments and withstand
the corrosive effects of sodium.

5.5 SFR Mechanistic Source Term Development

As stated by NRC in SECY-93-092, a mechanistic source term is established from the result of an
analysis of fission product release based on the amount of cladding damage, fuel damage, and core
damage resulting from the specific accident sequences being evaluated. It is developed using best-
estimate phenomenological models concerning transport of fission products from the fuel through the
reactor coolant system, through all holdup volumes and barriers (taking into account mitigation features),
and finally, into the environment. Development and approval of a MST has far-reaching implications for
all types of advanced reactors since it establishes postulated effects of the reactor facility on the public
and surrounding environment. The NRC has consistently indicated that a mechanistic-type of source term
is appropriate for the evaluation of advanced reactor designs.””**

In 2010, an MST approach for the modular HTGR technology was presented to NRC staff** This
proposal established the modular HTGR source term by defining the quantities of radionuclides released
from the reactor building to the environment during a spectrum of LBEs. Source terms would be event
specific and determined using radionuclide generation and transport models that account for fuel and
reactor design characteristics, passive features, and the function of radionuclide release barriers. Since
NRC requires sufficient test data to provide adequate confidence in a mechanistic approach, a fuel
development and qualification program is to provide the data necessary to better understand fuel
performance and fission product behavior. While NRC staff would not approve the proposed approach
without submission of a specific reactor design, the strategies, definition, and R&D plans associated with

the proposed MST approach was generally determined to be “reasonable”.'®

ANL-ART-3, “Regulatory Technology Development Plan, Sodium Fast Reactor - Mechanistic
Source Term Development™, describes major uncertainties that exist in the MST approach for SFR
technology.” A foremost uncertainty involves data on fuel performance. Even though DOE has conducted
many SFR metal fuel failure tests in the past, these tests were limited to transient overpower failures; it is
not known whether the relatively limited scope of these tests will be sufficient to satisfy current MST
licensing requirements. It was also noted that there are no current research projects related to
characterization of fuel and fission product transport during severe accident events.

The topic of MST development is extremely important to SFR licensing success. Given the technical
complexity and long lead times needed to establish a robust technical justification that supports licensing
on this topic, interaction with IAG members and NRC staff becomes essential. Limitations in fast neutron
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irradiation test capabilities further suggest that MST development must be approached in a well thought
out and comprehensive manner. Additional information that clarifies the technical options and initial
licensing strategy should be gathered and assessed to help identify and prioritize necessary R&D
initiatives concerning MST development.

5.6 Deployment of Research, Test, or Prototype Reactor Designs

Many of the activities identified in the RTDP address specific constituents or “separate effects” of a
larger set of more comprehensive performance requirements. This may compel reactor developers and
applicants to consider some combination of research reactor, test reactor, and prototype plant
development as a licensing strategy option to gather integrated information.

A research or test reactor of limited thermal power output may be chosen as a part of the overall
strategy to further evaluate, test, and confirm certain features or attributes of a particular reactor
technology. The information collected from a highly instrumented first-of-a-kind configuration can
provide information essential to license follow-on plants. Results from those efforts may later be
combined or “scaled up” to a higher output prototype plant that more directly represents the planned
commercial reactor plant offering. Guidance concerning issues that that must be considered and addressed
durin%gthe development and licensing of a research or test reactor are contained in the NRC’s NUREG-
1537.

A reactor prototype may be chosen instead of the test/research reactor approach. However, the
associated portion of existing NRC regulations (contained in 10 CFR 50.43[e]) provide only high-level
requirements with no technology-specific rules or guidance that can be used to assist applicants through
the licensing process.

Establishing some combination of advanced non-LWR research, test, or prototype reactors in the
future may be essential to enable a comprehensive and integrated advanced reactor technology
development capability. If it is determined that this type of licensing approach is necessary to collect
essential data, a technology development plan should be formulated that clearly outlines how such an
approach can be efficiently utilized and costs, schedules, and licensing risk are minimized while the
spectrum of generated test data is maximized. Interactions with NRC staff during plan development will
be essential.

5.7 Seismic Analysis of Deeply Embedded Structures

Some advanced reactor designs call for the reactor core and associated heat exchange system to be
constructed partially or completely below earthen grade. Up to now, analysis of seismic events during a
plant safety review presumed key facility SSCs to be located relatively near the soil surface. Modular
HTGR is one class of advanced reactor design that proposes the use of deep embedments to help ensure
safe and secure plant operations.

Analysis of seismic events for reactor systems requires that the SSI effects for deeply embedded
structures be examined using V&V methods and tools capable of recognizing that influence on
analytically predicted seismic responses. These analysis methods and tools are also necessary for the
design and qualification of seismic isolators. There is no confirmed capability to perform such an analysis
at a nuclear plant using a deep embedment. New methods and tools must be developed that integrate the
seismic, structural, and systems-analysis necessary to address deeply embedded and buried structures.
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Developing this particular seismic analysis capability is not yet considered a critical licensing concern
for nuclear plants intending to use deep embedments. Since some small modular LWR plants are
proposing to employ subsurface embedments (i.e., integrated pressurized water reactor, iPWR),
development of this seismic analysis capability may already be underway outside the purview of ART. In
any event, an NRC-endorsed capability for seismic analysis must be available prior to licensing any
reactor that employs a deep embedment.
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